We demonstrate theoretically and experimentally a high extinction ratio and compact size TE-pass polarizer made by a D-shaped fiber coated with a double graphene/PMMA stack. The light propagating in the core of the fiber can be efficiently coupled into the graphene sheet thanks to the giant enhancement of the modal evanescent field associated with the high refractive index graphene/PMMA cladding. The strong interaction between the light and graphene produces a large attenuation difference between modes with orthogonal polarizations, resulting in an improved extinction ratio and a reduced insertion loss due to the device compactness. A double graphene/PMMA stack coated polarizer with an extinction ratio of up to 36 dB and an insertion loss of 5 dB has been achieved when the device length is only 2.5 mm. The double graphene/PMMA stack has proved to be significantly better than single graphene/PMMA stack and bilayer graphene/PMMA structures, providing a polarizer with maximum extinction ratio of 44 dB for a length of 4 mm. The achieved results indicate that the proposed high extinction ratio polarizer is a promising candidate for novel in-fiber graphene-based devices.
Introduction
Optical polarizers [1, 2] are important passive devices for selecting the polarization of electromagnetic waves and are widely applied to characterize the polarization state or phase of optical systems. Compared with conventional polarizers [3, 4] , in-fiber polarizers [5, 6] have several advantages such as small size, low insertion loss and easy integration into optical fiber systems. Recently, graphene [7] [8] [9] has attracted enormous attention due to its unique electronic and photonic properties, including strong nonlinearity, high carrier mobility, ultrafast broadband response, high efficiency for light-matter interaction, and high thermal conductivity. Graphene-based structures have been exploited to realize saturable absorbers of fiber lasers [10] [11] [12] , all-optical modulators [13, 14] , sensors [15] and broadband polarizers [16] . As far as polarizers are concerned, owing to the linear dispersion of Dirac electrons, graphene can selectively support TE or TM surface plasmon mode [16] [17] [18] . A broadband graphene polarizer with an extinction ratio of ~27 dB and a high insertion loss of ~15 dB was demonstrated in a D-shaped fiber (DF) [16] , which required monolayer graphene with propagation distance of 3.5 mm. Graphene-based surface core/side-polished fiber polarizers [17, 19] rely on the high refractive index of buffer films covered on the graphene, which lead to a large attenuation difference between the two orthogonal polarizations. The graphenebased side-polished fiber polarizer with 1 μm thick PVB buffer has an extinction ratio of 37.5 dB, however, it required a monolayer graphene with long propagation distance of ~1cm and an ultra-smooth polished surface with a roughness of <1 nm RMS [19] , which will increase the difficulty of device preparation. Therefore, it is desirable to obtain an optical fiber polarizer with compact size and low insertion loss.
In this work, we propose a DF TE-pass polarizer coated by a double graphene/polymethyl methacrylate (PMMA) stack. By introducing PMMA, the semimetal property of graphene is greatly enhanced and the field distribution in the direction perpendicular to the graphene layer is broadened so that more energy is coupled into the graphene films. A 2.5 mm-long double graphene/PMMA DF polarizer has been realized and shows a good performance with an extinction ratio up of ~36 dB and a low insertion loss of ~5 dB at 1590 nm.
Design and theoretical calculations
Figure 1(a) shows the schematic of a single graphene/PMMA stack coated DF, where a monolayer graphene and a PMMA film are sequentially deposited on the polished surface of the DF. The attenuation of two orthogonal polarizations within the D-shaped area are different due to graphene unique physical properties. The strength of the light-matter interaction is enhanced by adding a high refractive index material PMMA upon the graphene sheet. In order to achieve an even higher extinction ratio, another a graphene/PMMA stack is added, as shown in Figs. 1(b), 1(c) and 1(d) . The advantage of the proposed device is that the TM mode can be coupled more efficiently into the graphene film to be absorbed [17] . In the following calculations, the wavelength is λ = 1550 nm, h denotes the PMMA thickness and L g is the graphene length (i.e. propagation length). The PMMA layer has a refractive index of n = 1.49, which is higher than that of fiber core (n 1 = 1.455) and cladding (n 2 = 1.450). The side-polished fiber can be fabricated by removing a portion of the cladding of a single mode fiber (SMF), which has cladding and core diameters of D cladding = 125 μm and D core = 9 μm, respectively. The polishing depth d is defined as the distance between the initial surface and the polished plane and it has a great effect on the extinction ratio. The uniform D-shaped region forms the interaction window and can provide a platform to create a variety of optical devices.
(a) (b) The finite element method (FEM, COMSOL) was used to determine how the graphene and PMMA sheets modulate the propagation of light along the D-shaped fiber. In the simulation, graphene layer is modeled as a transition boundary condition with complex dynamic conductivity and its chemical potential is set to 0.1 eV, which is typical order for monolayer graphene [20] [21] [22] . The conductivity of the graphene sheet has a large negative imaginary component at chemical potential of 0.1eV so that the interband transition dominates the absorption [23] . The weakly damped TE mode is supported by graphene, while the TM mode is absorbed by the graphene, resulting in a TE-pass polarizer. Figure 2 shows the electric field distributions of the TM/TE modes in side-polished fibers coated with a graphene monolayer, a graphene/PMMA single stack and a graphene/PMMA double stack. The high refractive index PMMA layer clearly has a strong effect on the mode field distribution. The graphene/PMMA double stack can move the mode center closer to the graphene layer, further enhancing the graphene-light interaction. The dependences of the confinement loss of TE and TM modes on the thickness of PMMA and the polishing depth of the fiber are investigated in the DFs covered by single graphene/PMMA stack as shown in Fig. 3(a) . Although the loss of both TE and TM modes become larger for increasing PMMA thicknesses and polishing depths, the loss of the TE mode is much smaller than that of the TM mode and thus its loss can be ignored. With increasing polishing depth, the core guided mode becomes leaky for both polarizations, which will result in a large loss. Therefore, the polishing depth is selected to be ~62.5 μm to achieve an optimum performance, which also guarantees that the fiber core holds the largest interaction area with the graphene sheet. Similarly, the dependence of the confinement losses of TE and TM modes on the thickness of PMMA in the DFs covered by double graphene/PMMA stacks are shown in Fig. 3(b) , where the polishing depth is ~62.5 μm. It is worth pointing out that the energy of the propagating mode is coupled into the PMMA layer rather than in the graphene sheet once the thickness of PMMA is large, thus, the PMMA thickness should be optimized for each selected structure. In the single and double stacks DF polarizers the PMMA thickness is h PMMA = 700 nm and 400 nm, while the corresponding loss difference between TE and TM modes is 5.1 dB/mm and 16 dB/mm, respectively. The extinction ratio of the double stack is approximately 3 times higher than that of the single stack. Figure 4 (a) illustrates a schematic of a DF polarizer covered by a graphene/PMMA double stack, which can be integrated into in-line fiber network. The polarizer angle θ is defined as the angle between the polarizer direction of the linearly polarized light and the polished plane of the fiber. When the polarizer angle θ is 0° or 180°, the transmission mode is a TE mode, while TM mode occurs for θ = 90° or 270°. Figures 4(b) and 4(c) show microscope images of the polished DF surface and cross-section. The polished surface was obtained by the wheel side-polished method. The DF loss is dependent on the length and surface roughness of its side-polished facet. For a polishing depth is about 62.5 μm, the measured DF loss was smaller than 1 dB/mm and it can further be reduced by improving the roughness of the polished surface. The monolayer graphene was grown on copper foil by chemical vapor deposition (CVD). The Raman spectroscopy of the monolayer graphene used in the work is given in Fig.  4(d) . A 400nm-thick PMMA film was uniformly spin-coated on the graphene sheet surface using a spin coater with a high rotation speed. The copper foil was etched away by immersing it in ferric nitrate nonahydrate solution for 2 hours, while the remaining graphene-PMMA sheet was flushed in deionized water before being transferred onto the DF polished surface. The evaporation of any residual solvent improved the contact between the graphene sheet and the fiber surface, resulting in a single graphene/PMMA stack. The above-mentioned operation was repeated to transfer a second graphene/PMMA sheet, producing a DF polarizer covered by a double graphene/PMMA stack. A polarizer transformed the propagating light to a linearly polarized light and a half-wave plate was used to rotate the polarization direction of light, then the signal was injected into the SMF pigtail of the proposed in-fiber polarizer. The output power was then monitored by a power meter. By rotating the half-wave plate azimuth, the intensity of polarized light in different polarization directions could be obtained. The measured results for a polarizer sample with single graphene/PMMA stack are shown in Fig.  5 , where the length L G of the graphene/PMMA stack is 6 mm. The large length L G introduces a large loss. The polar plot at 1580 nm in Fig. 5(a) shows that the output power at θ = 0° and 180° is −25.1 ± 0.3 dBm, while at θ = 90° and 270° rapidly reduces to −45.9 ± 0.5 dBm, providing a polarizer extinction ratio of 21 dB smaller than the theoretical value (30.5 dB) shown in Fig. 3(a) . The discrepancy can be attributed to the non-uniform thickness of the PMMA film or wrinkle of graphene film introduced by the long device length. Figure 5(b) shows the polarization measurements performed in the wavelength range λ = 1560-1630 nm, indicating that the polarizer exhibits an extinction ratio of 21 ± 1.5 dB in a wide wavelength range. The insertion loss of the entire device is about ~10 dB at λ = 1580 nm, including 6 dB loss introduced by single graphene/PMMA stack and ~4 dB loss introduced by side polishing process, which is large for practice applications and yet smaller than that of previously reported polarizers [16] .
Sample fabrication and characterization
In order to achieve higher extinction ratio and reduce insertion loss, a double graphene/PMMA stack structure was fabricated. The fiber was polished along a length of only 2.5 mm and the extinction ratio was measured in succession when the DF was covered by the first and second graphene/PMMA stack, respectively. The polar plot at λ = 1590 nm is illustrated in Fig. 6(a) . The maximum output powers are −19 ± 0.5 dBm for the first graphene/PMMA stack (blue line) and −20 ± 0.5 dBm for the second graphene/PMMA stack (red line) at θ = 0° or 180°, respectively. Correspondingly, the minimum output powers are −23 ± 0.3 dBm and −56 ± 0.5 dBm at θ = 90° or 270°, respectively. The polarization characteristics are shown as a function of the wavelength in Fig. 6(b) . While the extinction ratio was only 3.5 ± 0.5 dBm when the first graphene/PMMA stack was deposited, once the second graphene/PMMA stack was completed, the extinction ratio reached a maximum of ~36 dB at 1590 nm and was always better than 25 dB in the wavelength range λ = 1560-1630 nm. The fluctuation of the extinction ratio may result from the instability of the laser power. The measured value of 36 dB agrees well with the theoretical value of 40 dB (2.5 mm × 16 dB/mm) reported in Fig. 3 . More importantly, the total loss is only 5 dB, including 3 dB loss introduced by the double graphene/PMMA stack and ~2 dB loss introduced by side polishing process. Therefore, the double graphene/PMMA stack coated DF can work as a TE-pass broadband polarizer with an extinction ratio of about 36 dB and low insertion loss as well as the compact size of only 2.5 mm.
A second sample of polarizer with a double graphene/PMMA stack with L G = 4 mm was measured and the corresponding results are shown in Fig. 7 . The extinction ratio was measured from λ = 1560 to λ = 1630 nm after the DF was coated by the second graphene/PMMA sheet. The maximum extinction ratio reached 44 dB at λ = 1620 nm, but the extinction ratio has a large fluctuation between the maximum value of 44 dB and the minimum value of 28 dB. For comparison, another structure, defined as no-stack, has also been studied. In this structure, a DF with L G = 4 mm was coated by a graphene bilayer and then covered by a single PMMA sheet of h PMMA = 700nm. The polar image of the output power in Fig. 8(a) shows a maximum extinction ratio of 28 dB at λ = 1620 nm. The extinction ratio fluctuates from 16 dBm to 28 dBm in the wavelength range λ = 1560-1630 nm as shown in Fig. 8(b) . To obtain high extinction ratio, a polarizer with single graphene/PMMA stack or bilayer graphene/PMMA structure requires a long length L G , which will hamper good film uniformity, thus the polarizer will suffer from the large insertion loss. Compared with all above discussed, the DF coated by graphene/PMMA stacks has great potential for in-fiber polarizer applications. 
Conclusion
In conclusion, a compact DF TE-pass polarizer coated with a double graphene/PMMA stack has been proposed. The polarizer had a high extinction ratio of ~36 dB, a low insertion loss of ~5 dB, and a small size of ~2.5mm. The insertion loss can further be reduced by improving the roughness of the polished surface. The extinction ratio reached a maximum of ~36 dB at 1590 nm and was always better than 25 dB in the wavelength range 1560-1630 nm. Furthermore, a polarizer with an extinction ratio of ~44 dB has also been achieved when the stack length was increased to 4 mm: to the best of our knowledge such a high extinction ratio has never been reported before. The proposed DF polarizer based on a double graphene/PMMA stack is compact, low-cost and capable of easy integration into conventional in-fiber system. It has smaller footprint and better performance than previously proposed polarizers that use graphene only for polarization selection. Moreover, the graphene/PMMA stack structure can be applied to manipulate the polarization state of light in other types of waveguides.
